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Abstract

Striatal spine loss is a key pathological feature of Parkinson's disease (PD). Knowing that striatal
glutamatergic afferents target dendritic spines, these data appear difficult to reconcile with
evidence for an increased expression of the vesicular glutamate transporter 1 (vGIuT1) in the
striatum of PD patients and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated
monkeys, as well as in some electrophysiological studies showing overactivity of the
corticostriatal glutamatergic system in models of parkinsonism. To address the possibility that
structural changes in glutamatergic afferents may underlie these discrepancies, we undertook an
ultrastructural analysis of vGluT1-positive (i.e., corticostriatal) and vGluT2-positive (i.e., mostly
thalamostriatal) axo-spinous glutamatergic synapses using a 3D electron microscopic approach in
normal and MPTP-treated monkeys. Three main conclusions can be drawn: 1) spines contacted by
vGIluT1-containing terminals have larger volume and harbor significantly larger postsynaptic
densities (PSDs) than those contacted by vGIuT2-immunoreactive boutons; 2) a subset of
vGIuT2-, but not vGIuT1-immunoreactive, terminals display a pattern of multisynaptic
connectivity in normal and MPTP-treated monkeys; and 3) VGIuT1- and vGluT2-positive axo-
spinous synapses undergo ultrastructural changes (larger spine volume, larger PSDs, increased
PSD perforations, larger presynaptic terminal) indicative of increased synaptic activity in
parkinsonian animals. Furthermore, spines contacted by cortical terminals display an increased
volume of their spine apparatus in MPTP-treated monkeys, suggesting an increased protein
synthesis at corticostriatal synapses. These findings demonstrate that corticostriatal and
thalamostriatal glutamatergic axo-spinous synapses display significantly different ultrastructural
features, and that both systems undergo complex morphological changes that could underlie the
pathophysiology of corticostriatal and thalamostriatal systems in PD.
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One of the main neuropathological features of Parkinson's disease (PD) is the degeneration
of the nigrostriatal dopaminergic pathway, which induces complex physiological changes
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within the basal ganglia circuitry, including profound alterations in the activity of the
corticostriatal glutamatergic system (Calabresi et al., 1996, 2007; Mallet et al., 2006;
Wichmann and DeLong, 2007). The anatomical substrate and mechanism by which
dopamine (DA) regulates striatal glutamatergic activity is complex and activity dependent
and remains poorly understood (Smith and Bolam, 1990; Bamford et al., 2004; Calabresi et
al., 2007; Surmeier et al., 2007; Ballion et al., 2008; Smith and Villalba, 2008; Tian et al.,
2010). The most common targets where dopaminergic and glutamatergic striatal afferent
systems functionally interact are the dendritic spines of striatofugal medium spiny neurons
(MSNs) (Smith and Bolam, 1990). Most, if not all, cortical innervation of MSNs terminates
on dendritic spines (Kemp and Powell, 1970; Raju et al., 2006).

Although not as extensive as the corticostriatal system, a significant contingent of thalamic
glutamatergic afferents also targets dendritic spines and displays close relationships with
dopaminergic terminals in the striatum (Raju et al., 2006; Moss and Bolam, 2008; Smith et
al., 2009a,b). In both animal models of parkinsonism and PD patients, MSNSs lose as much
as 30-50% of the dendritic spines, which, in rats, is accompanied by a similar decrease in
the total number of asymmetric glutamatergic synapses (Ingham et al., 1989, 1998; Stephens
et al., 2005; Zaja-Milatovic et al., 2005; Day et al., 2006; Deutch et al., 2007; Neely et al.,
2007; Scholz et al., 2008; Schuster et al., 2009; Smith et al., 2009b; Villalba et al., 2009;
Garcia et al., 2010; Soderstrom et al., 2010). Despite this significant spine loss, some in vivo
and in vitro electrophysiological studies have suggested increased activity of the
corticostriatal system in parkinsonism (Galarraga et al., 1987; Calabresi et al., 1996; Marti et
al., 1999), although this issue appears to be more complex than originally thought (Day et
al., 2006; Mallet et al. 2006).

The vesicular glutamate transporters (vGIuT) 1 and 2 provide unique tools to differentiate
cortical from thalamic axon terminals in the striatum. In situ hybridization for vGIuT1 and
vGIuT2 mRNA showed that vGIuT1 signal predominates in the cerebral cortex (Fremeau et
al., 2001, 2004; Herzog et al., 2001), whereas vGluT2 mRNA is most abundant in the
thalamus (Fremeau et al., 2001, 2004; Herzog et al., 2001; Bacci et al., 2004; Hur and
Zaborszky, 2005). Immunocytochemical studies from our laboratory and others have clearly
shown that vGluT1 is confined to cortical boutons, whereas vGIuT2 is a preferential,
although not exclusive, marker of thalamic afferents in the rat and monkey striatum (Lacey
et al., 2005; Raju and Smith, 2005; Raju et al., 2006, 2008).

Immunochemical studies have demonstrated an increased expression of vGIuT1 in the
striatum of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated parkinsonian
monkeys (Raju et al., 2008) and postmortem striatal tissue of PD patients (Kashani et al.,
2007). In addition, the striatum of DA-depleted rats contains a larger density of perforated
asymmetric synapses (Ingham et al, 1998; Meshul et al., 1999, 2000), a form of structural
remodeling associated with increased synaptic efficacy in other brain regions (Greenough et
al., 1978; Bertoni-Freddari et al., 1993; Harris and Kater, 1994). Therefore, the overactivity
of the corticostriatal glutamatergic system described by some authors in rodent models of
parkinsonism might result from complex structural and neurochemical changes of
glutamatergic axo-spinous synapses in dopamine-depleted striata.

To address this issue further, we used a three-dimensional (3D) electron microscopy
reconstruction method to perform a rigorous quantitative analysis of the ultra-structural
features of spines specifically targeted by thalamic or cortical afferents in the sensorimotor
striatum of normal and MPTP-treated parkinsonian monkeys. Our data show that
thalamostriatal and corticostriatal afferents target different types of striatal spines, and that
both systems undergo complex, and partly different, ultrastructural changes indicative of an
increased strength of glutamatergic transmission in parkinsonism.

J Comp Neurol. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Villalba and Smith Page 3

MATERIALS AND METHODS

Animals and tissue preparation

A total of five control and five MPTP-treated adult rhesus monkeys (Macaca mulatta;
Yerkes National Primate Research Center colony) were used in these studies. Brain tissue
from these animals has been used in previous studies (Raju et al., 2008; Villalba et al.,
2009). The housing, feeding, and experimental conditions used in these studies followed the
guidelines of the National Institutes of Health's Guide for the Care and Use of Laboratory
Animals and were approved by the institutional animal care and use committee of Emory
University.

MPTP injections and parkinsonism

Before the MPTP treatment was started, the monkeys were first habituated to a behavioral
observation cage, and a baseline of motor behavior was established. During the MPTP
treatment, behavioral changes and parkinsonian motor signs were measured once a week
over a 20-minute time period during a minimum of 6 months with quantitative methods that
are routinely used in our laboratory (Soares et al., 2004; Bogenpohl et al., 2007; Kliem et al.,
2009; Galvan et al., 2010). In two monkeys, MPTP (Sigma-Aldrich, St. Louis, MO) was
injected unilaterally through the right carotid artery (total dose 2—-3 mg/kg) under general
isoflurane anesthesia (1-3%), whereas the other three animals received intramuscular
injections of MPTP once a week until they displayed stable parkinsonian symptoms (total
dose 4.3-8 mg/kg; Sigma-Aldrich). The parkinsonian motor signs were documented through
observations of spontaneous cage behavior. A computer-assisted behavioral scoring system
was used to quantify motor behaviors in the two animals that received intracarotid
administration of MPTP.

Briefly, a computer keyboard key was assigned to a specific limb on the ipsilateral or
contralateral side of the MPTP injection, and, each time the animal moved that limb, the key
was pressed. Limb movements were documented over a 20-minute time period at least once
every 2 weeks during a minimum of 6 months following the MPTP injection. Both monkeys
displayed significant signs of parkinsonism in the arm and leg contralateral to the side of the
intracarotid MPTP administration. In both animals the ratio of limb movements on the
affected/nonaffected side ranged from 0.8 to 0.95 in the normal state and 0.1 to 0.28 in the
stable parkinsonian condition. The limb movements on the side of the body ipsilateral to the
intracarotid MPTP injections were not significantly affected.

In animals that received systemic MPTP injections, an automated activity monitoring system
was used to quantify general motor activity. The observation cage was equipped with eight
infrared beams (Banner Engineering, Minneapolis, MN) arranged in a square formation on
two adjacent sides of the cage (back and side). The animal's behavior was also videotaped. A
computer system was attached and logged the timing of beam crossings. Off-line, the total
activity counts within a 20-minute period were calculated. Finally, a rating scale was used to
determine the degree of behavioral change induced by MPTP treatment. Nine criteria were
used to assess parkinsonian motor signs (gross motor activity, balance, posture, arm
bradykinesia, arm hypokinesia, leg bradykinesia, leg hypokinesia, arm tremor, and leg
tremor), each on a scale of 0 to 3 (normal/absent to severe), yielding a maximum score of
27. A score of 10 or more was considered as moderate parkinsonism.

The three animals that received systemic MPTP administration displayed moderate
parkinsonian motor signs (total activity counts decreased by 60—73%; Unified Parkinson's
Disease Rating Scale [UPDRS] counts range from 12 to 16) that remained stable for a period
of at least 6 months before sacrifice. A monkey was considered stable parkinsonian if the
score in the parkinsonian rating scale was at least 10, and if the counts in the activity
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monitoring remained 60% or below the baseline levels for at least 6 weeks after the last
MPTP injection (Galvan et al., 2010).

Animal perfusion

Animals were deeply anesthetized with an overdose of pentobarbital (100 mg/kg, iv) and
perfused transcardially with cold oxygenated Ringer's solution, followed by 2 liters of
fixative containing 4% paraformaldehyde and 0.1% glutaraldehyde in phosphate buffer (PB;
0.1 M, pH 7.4). After perfusion, the brains were removed from the skull and cut into 10-
mm-thick blocks in the frontal plane. Tissue sections (60 um thick) were obtained with a
Vibratome, collected in cold phosphate-buffered saline (PBS; 0.01 M, pH 7.4), and treated
with sodium borohydride (1% in PBS, 20 minutes). In the two unilaterally MPTP-treated
monkeys, only the striatum on the ipsilateral side of the MPTP intracarotid injections was
used for further analysis.

vGIuT1l and vGIuT2 immunostaining

Primary antibodies—Two polyclonal antibodies were used (Table 1), as follows:

1. Rabbit anti-rat vGIuT1 antibody (Mab Technologies, Atlanta, GA). To generate
this antibody, a peptide corresponding to amino acids 543-560
(CATHSTVQPPRPPPPVRDY) of the COOH terminus of the rat vGIluT1 was used
as antigen. The Western blot analysis with the anti-vGIuT1 antibody showed a
single band in monkey striatal tissue at ~60 kDa, corresponding to the molecular
weight predicted for vGIuT1, whereas the peptide preadsorption completely
abolished striatal immunostaining (Villalba et al., 2006).

2. Rabbit anti-human vGIuT2 antibody (Mab Technologies). The antiserum was
obtained from rabbits (Covance, Princeton, NJ) immunized against a peptide
corresponding to amino acids 560-578 (KKEEFVQGEVQDSHSYKDR) of the
COOH terminus of the human vGIuT2 (hvGIluT2). The underlined amino acids are
human specific. Following purification procedures, the specificity of vGluT2
antibody on monkey tissue was determined by Western immunoblots and light
microscopy preadsorption immunohistochemical analyses as previously described
by Raju et al. (2008). Western blot analysis identified a single band at ~65 kDa, as
predicted for the vGIuT2 protein in monkey. Further analysis at the light
microscopic level showed that the neuropil was immunolabeled and preadsorption
of the antibody by control peptide abolished immunolabeling, whereas
preincubation of the anti-vGIuT2 antibody with vGIuT1 peptide had no effect on
immunostaining (Raju et al., 2008).

Immunoperoxidase labeling for electron microscopy—Tissue sections from the
postcommissural putamen in five control monkeys (animals C1-C5) and five animals
(animals M1-Mb5) rendered parkinsonian following intracarotid (n = 2) or systemic (n = 3)
MPTP injections were used in these studies. Table 2 describes the distribution of these 10
animals across the vGIuT1 or vGIuT2 immunostaining procedure in normal and MPTP-
treated monkeys (Table 2). In brief, the striatal tissue of two different control and two
different MPTP-treated monkeys was immunostained with the vGIuT1 (animals C1, C3,
M1, and M2) or vGIuT2 (animals C4, C5, M4, and M5) antibodies, whereas the striatum of
one control (animal C2) and one MPTP-treated (animal M3) monkey was used for both
vGIuT1 and vGIuT2 immunostaining. Sections were placed in a cryoprotectant solution (PB;
0.05 M, pH 7.4, containing 25% sucrose and 10% glycerol) for 20 minutes, frozen at —80°C
for 20 minutes, thawed, and returned to a graded series of cryoprotectant (100%, 70%, 50%,
30%) diluted in PBS. They were then washed in PBS before being processed for
immunocytochemistry.

J Comp Neurol. Author manuscript; available in PMC 2011 April 1.
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The sections were preincubated in a solution containing 10% normal goat serum and 1%
bovine serum albumin in PBS for 1 hour. They were then incubated for 48 hours at 4°C with
the antisera diluted at 0.2 pg/ml in a solution containing 1.0% normal goat serum (NGS) and
1.0% bovine serum albumin (BSA) in PBS. Next, the sections were rinsed in PBS and
transferred for 1.5 hours to a secondary antibody solution containing biotinylated goat anti-
rabbit 1gGs (Vector, Burlingame, CA), diluted 1:200. After rinsing, sections were put in a
solution containing 1% avidin-biotin-peroxidase complex (Vector). The tissue was then
washed in PBS and Tris buffer (0.05 M pH 7.6) before being transferred into a solution
containing 0.01 M-imidazole, 0.005% hydrogen peroxide, and 0.025% 3,3'-
diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO) in Tris for 10 minutes.
The DAB reaction was terminated with several rinses in PBS.

Following the immunostaining reactions, the sections were transferred to PB (0.1 M, pH 7.4)
for 10 minutes and exposed to 1% osmium tetroxide for 20 minutes. They were then rinsed
with PB and dehydrated in an increasing gradient of ethanol. Uranyl acetate (1%) was added
to the 70% alcohol step in the gradient in order to increase contrast at the electron
microscope. The sections were then treated with propylene oxide before being embedded in
epoxy resin (Durcupan, ACM; Fluka, Buchs, Switzerland) for 12 hours, mounted on
microscope slides, and placed in a 60°C oven for 48 hours.

Control experiments—In a series of control experiments, sections were processed as
described above, but without primary antibodies (as a control for the specificity of
secondary antibodies). The resulting sections were completely devoid of immunostaining
following the incubations.

Ultrathin serial sectioning, electron microscopy analysis, and 3D reconstruction

Blocks of tissue from the postcommissural putamen (six blocks per animal) were taken out
from the slides and glued on top of resin blocks with cyanoacrylate glue. These blocks were
then trimmed and cut serially into 60-nm ultrathin serial sections with an ultramicrotome
(Ultra-cut T2; Leica, Germany), and collected on single-slot Pioloform-coated copper grids.
In order to only use tissue with adequate antibody penetration, the electron microscopic
analyses were restricted to ultrathin sections from the most superficial sections of blocks.
The 3D reconstruction of individual terminals and synapses was performed from elements
serially cut through long ribbons (20-30 sections/grid) of ultrathin sections with uniform
thickness and good immunostaining. Sections were stained with lead citrate for 5 minutes
and examined with Zeiss (Thornwood, NY) EM-10C and JEOL (Peabody, MA) electron
microscopes. The serial ultrathin sections of immunoreactive terminals and their
corresponding postsynaptic targets (30 profiles/group) were then digitized. Electron
micrographs were taken at 16,000x magnification with a CCD camera (DualView 300W;
DigitalMicrograph software, version 3.10.1; Gatan, Pleasanton, CA), saved to computer
disk, and then aligned and reconstructed in 3D using the Reconstruct software application
(available at: synapses.clm.utexas.edu).

In order to avoid bias in the selection of elements being reconstructed, the electron
microscopic observer was blinded to the treatment (control versus MPTP-treated) and vGIuT
antibodies (vGIuT1 vs. vGluT2) used in the tissue under analysis. Using this approach, the
shape and size of the spines, the size (area) of the postsynaptic densities (PSDs), the volume
of the spine apparatus (SA), the volume of the spines, and the volume of vGIluT1- and
vGIluT2-immunoreactive terminals were randomly recorded in control and MPTP-treated
animals. Only cases in which the spine and the terminal were completely recovered through
serial sections were 3D-reconstructed and compared statistically.

J Comp Neurol. Author manuscript; available in PMC 2011 April 1.
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To perform this analysis, serial digitized electron microscopic images were converted to
TIFF format, imported into Reconstruct, calibrated, and aligned. (Aligning was done while
ensuring that they were not distorted.) The section thickness was calibrated by using the
method of cylindrical diameters (Fiala and Harris, 2001). Finally, the individual contours for
the different analyzed objects (spine, PSD, SA, immunoreactive terminal, mitochondria)
were manually traced in each serial electron micrograph by using the Reconstruct software.
The program calculated the dimensions of each object and generated a 3D representation
based on the serial slice information. Measurements were made according to criteria used in
previous studies for other neuronal populations (Harris and Stevens, 1988, 1989; Harris and
Kater, 1994; Arellano et al., 2007; Bourne and Harris, 2008).

Statistical analysis and photomicrograph production

RESULTS

Statistics were performed by using SigmaStat (version 2.03; Aspire Software International,
Ashburn, VA). The data from control and MPTP-treated monkeys were analyzed with a one-
way ANOVA to determine differences among animals in each group. Data were expressed
as mean + SEM and compared by t-test or Mann-Whitney test to determine statistical
differences between control and MPTP-treated monkeys. Pearson Chi-square analysis was
used to compare proportions of perforated synapses between normal and MPTP-treated
conditions. Pictures were digitally acquired and imported in TIFF format to Adobe
Photoshop (version 7.0; Adobe Systems, San Jose, CA) and adjusted only for brightness and
contrast, to optimize the quality of the images for analysis.

The extent of striatal dopamine depletion and nigral cell loss in the MPTP-treated animals
used in this study has been previously reported (Raju et al., 2008; Villalba et al., 2009). In
brief, the whole extent of the caudate nucleus and putamen was almost completely devoid of
tyrosine hydroxylase (TH) innervation. Only the nucleus accumbens showed significant
immunoreactivity. At the midbrain level, the ventral tier of the substantia nigra pars
compacta (SNc) was severely damaged, whereas a significant number of TH-
immunoreactive neurons and processes remained in the ventral tegmental area and dorsal
tier SNc (Villalba et al., 2009). One-way ANOVAs analysis did not reveal any significant
interindividual differences in the extent of striatal spine loss in the different striatal regions
between MPTP-treated monkeys used in these studies (Villalba et al., 2009).

Corticostriatal and thalamostriatal axospinous synapses in normal and parkinsonian

monkeys

We compared the ultrastructural features of spines contacted by vGIluT1-positive terminals
with those contacted by vGluT2-immunoreactive boutons to determine structural differences
between axo-spinous corticostriatal and thalamostriatal synapses in normal and MPTP-
treated monkeys. A series of 120 spines that were randomly selected from vGIuT1- or
vGIuT2-immunostained postcommissural putamen tissue of three normal and three MPTP-
treated monkeys (10 spines per monkey/vGIuTs antibody) were 3D-reconstructed (Fig.
1A,A1,A2,B,B1). The spine volume, the area of the PSD, and the volume of the presynaptic
immunoreactive terminal (vGIuT1-IR or vGluT2-IR) making synaptic contact with the spine
in control (n = 3) and MPTP-treated (n = 3) animals were measured and averaged from each
monkey.

In both control and MPTP-treated animals, there was no significant difference in these
measurements (one-way ANOVA) between the three animals in each group, suggesting that
the ultrastructural differences observed between the normal and parkinsonian monkeys were
due to the MPTP treatment, and that differences between vGluT1- and vGluT2-
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immunostained sections were consistent across animals in the same group (Fig. 1C-E). This
quantitative analysis of 3D-reconstructed spines revealed that: 1) the volume and the PSDs
of spines contacted by corticostriatal terminals were significantly larger than those of spines
contacted by thalamostriatal boutons in control and MPTP-treated monkeys (Fig. 1C,D; *, P
< 0.001; t-test); 2) the vGluT1-positive terminals were significantly larger than vGluT2-
positive boutons in control monkeys, but not in parkinsonian animals (Fig. 1C,D; *, P =
0.016; t-test); and 3) the volume of the spines, their afferent terminals, and the
corresponding PSD areas of cortical (Fig. 1E) and thalamic (Fig. 1F) glutamatergic synapses
were significantly larger in parkinsonian monkeys than in controls (*, P < 0.001; t-test).

We also found that the sizes of the PSD areas were correlated with spine volumes in spines
contacted by vGIluT1-IR terminals in control (R 0.815; P < 0.0001; n = 30; n = 3; Fig. 2A)
and MPTP-treated animals (R = 0.777; P < 0.0001; n = 30; n = 3; Fig. 2B). Similar
correlations were found for spines receiving vGluT2-IR terminals in the control (R = 0.699;
P <0.0001; n = 30; Fig. 2C) and parkinsonian condition (R = 0.724; P < 0.0001; n = 30;
Fig. 2D).

Changes in the volume of spine apparatus (SA) in parkinsonian condition

Because the SA plays a key role in calcium buffering and protein synthesis (Burgoyne et al.,
1983; Fifkova et al, 1983; Steward and Reeves, 1988; Gardiol et al., 1999; Cooney et al.,
2002; Horton and Ehlers, 2004; Bourne and Harris, 2008), an expansion of this specialized
compartment of the endoplasmic reticulum may have important functional consequences for
excitatory transmission at corticostriatal and thalamostriatal synapses. In order to assess
potential changes in the SA in the parkinsonian condition, we reconstructed and measured
the total volume of the SA in 46 spines contacted by vGIuT1- or vGluT2-IR terminals in
three control (n = 10 vGIluT1, 10 vGluT2) and three MPTP-treated (n =13 vGIuT1, 13
vGIluT2) monkeys (Fig. 3A-B2).

A one-way ANOVA revealed no significant interindividual difference in SA volume
between animals of the same group used in this analysis. There was no significant difference
in the relative volume of the SA over the total spine volume (Vol SA/Vol Spi) between
spines contacted by cortical or thalamic boutons (Fig. 3C). However, the ratio of the SA
volume over the total spine volume was significantly increased in spines targeted by
VGIuT1-IR cortical terminals, but not by vGluT2-IR thalamic terminals, in MPTP-treated
monkeys compared with controls (*, P 0.032; t-test; Fig. 3C), thereby indicating that the
enlargement of the SA in vGluT1-contacted spines is not merely the result of the
enlargement of vGIluT1-recipient spines in the parkinsonian condition.

Increased incidence of perforated and complex postsynaptic densities in the parkinsonian

condition

Beside the morphometric quantitative comparison of the total surface of PSDs, we analyzed
from 3D-reconstructed images the morphological characteristics (perforated vs.
nonperforated/macular) of PSDs in spines receiving vGIuT1- or vGIuT2-IR inputs in control
(n = 3) and MPTP-treated (n = 3) monkeys (Fig. 4). In both control and MPTP-treated
animals, almost 100% of PSDs examined at vGluT1-containing synapses (n = 30 PSDs in
control and MPTP-treated animals) were perforated, whereas for vGluT2-positive synapses
(n = 30 synapses in control and MPTP-treated animals), 83% displayed this ultrastructural
feature in normal monkeys, and 90% did so in MPTP-treated animals (Fig. 4E).

Although most glutamatergic axo-spinous synapses are perforated in both normal and
parkinsonian conditions in primates, our 3D analysis revealed a much higher level of
complexity and an increased number of perforations of the PSDs at glutamatergic axo-
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spinous synapses in MPTP-treated monkeys (Fig. 4). In order to quantify this structural
remodeling, we compared the number of perforations in PSDs from spines contacted by
VGIuT1- (n = 51) or vGluT2-IR (n = 52) terminals in control (n = 3) and MPTP-treated (n =
3) animals (Fig. 4F). The statistical analysis showed that in MPTP-treated animals there was
a significant increase in the proportion of PSDs with more than two perforations (complex
PSDs) in spines contacted by either vGIuT1- (x2 4.78; P 0.03) and VGIuT2-IR (x2 = 4.34; P
= terminals (Fig. 4F).

Multisynaptic innervation of vGluT2-positive terminals in normal and MPTP-treated

monkeys

In both control (Fig. 5) and MPTP-treated animals (Fig. 6), the 3D reconstruction of
vGIluT2-positive terminals identified 5-10% boutons that formed asymmetric synapses with
more than one postsynaptic structure; some terminals formed dual synapses with a dendritic
shaft and a spine head from the same (Fig. 5A,A1,A2) or a different dendrite (Fig. 5B,B1).
In other instances, single vGluT2-positive terminals formed asymmetric synapses with
multiple spines (Fig. 6A’,A"). These different forms of multisynaptic innervation of
postsynaptic targets were not encountered for any of the 60 serially reconstructed vGIuT1-
positive corticostriatal terminals in normal or MPTP-treated monkeys (see supplementary
video).

Changes in mitochondria versus terminal volumes in corticostriatal terminals of
parkinsonian monkeys

Mitochondria in the axon terminal are critical for the mobilization of the reserve pool of
synaptic vesicles and for the regulation of synaptic strength (Verstreken et al., 2005).
Changes in the size and number of mitochondria have been characterized as indices of
activity in the axon terminal and synaptic strength by using various in vivo (crayfish
motoneurons) and in vitro (Drosophila neuromuscular junction and rat neuronal cortical
cultures) neuronal preparations (Lnenicka et al., 1998; Rintoul et al., 2003; Verstreken et al.,
2005; Tong, 2007). To determine whether such changes also occur in striatal glutamatergic
terminals in the parkinsonian condition, we 3D-reconstructed and compared statistically the
volume of the mitochondria in 12 vGIuT1- and 12 vGluT2-IR terminals between control (n
= 3) and MPTP-treated (n = 3) monkeys (Fig. 7). The qualitative analysis of the =3D-
reconstructed images showed that most of the vGluT1-IR terminals from MPTP-treated
animals contained a larger number of smaller mitochondria (Fig. 7B) than those from
control monkeys (Fig. 7A), whereas this difference was not observed for vGIuT2-IR
terminals.

Our quantitative analysis confirmed those results, showing an increased number of
mitochondria with a smaller volume in MPTP-treated monkeys compared with controls (*, P
= 0.024; Mann-Whitney test; Fig. 7C,E). In contrast, vGluT2-IR terminals showed no
statistically significant change in the number of mitochondria per terminal between normal
and parkinsonian condition (Fig. 7D,F).

DISCUSSION

Our study demonstrates three major ultrastructural features related to the morphology and
plasticity of glutamatergic axo-spinous synapses in the primate striatum that may underlie
functional differences between the corticostriatal and thalamostriatal systems in normal and
parkinsonian monkeys. First, the dendritic spines targeted by vGluT1-containing terminals
are significantly larger and harbor a more extensive postsynaptic density than those
innervated by vGIuT2-positive boutons. Combined with their differential expression in
vGIuTs (Raju and Smith, 2005; Raju et al., 2006, 2008) and specific physiological properties
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(Ding et al., 2008), these data suggest that the cerebral cortex and thalamus are two main
sources of neurochemically and functionally distinct glutamatergic afferents to the monkey
striatum (Smith et al., 2004, 2009a,b).

Second, a subset of vGluT2-positive terminals displays a pattern of multisynaptic
connectivity, thereby suggesting that information from single vGluT2-positive axon
terminals can be transmitted through multiple synaptic sites on the same or different striatal
neurons, a pattern that has not been observed for corticostriatal boutons in normal or
parkinsonian condition.

Third, corticostriatal axo-spinous synapses in the sensorimotor putamen of parkinsonian
monkeys undergo complex ultrastructural remodeling consistent with increased synaptic
activity (larger spine volume, larger PSDs, increased number of PSD perforations, larger
pre-synaptic terminal, larger spine apparatus, increased number and decreased volume of
terminal mitochondria). Although some of these plastic changes also characterized vGluT2-
positive axo-spinous synapses (larger spine volume, larger PSDs, increased number of PSD
perforations), others were specific to cortical afferents. Together with various
electrophysiological studies suggesting over-activity of the corticostriatal system in rodent
and nonhuman primate models of parkinsonism (Galarraga et al., 1987; Marti et al., 1999;
Gubellini et al., 2002; Liang et al., 2008), these data illustrate the complex level of synaptic
plasticity that governs striatal glutamatergic transmission under normal and parkinsonian
conditions.

Anatomical and functional characteristics of corticostriatal versus thalamostriatal
glutamatergic systems

Although the functional significance of the dual corticostriatal and thalamostriatal
glutamatergic systems remains poorly understood, major advances have been made in our
understanding of the anatomical organization and synaptic relationships of these extrinsic
inputs with striatofugal neurons (Smith et al., 2004, 2009b). Through the use of anterograde
tracing methods and vGIuT immunocytochemistry, it is now well established that dendritic
spines are the preferential targets of both cortical and thalamic inputs to the striatum (Lacey
et al., 2005; Raju et al., 2006, 2008; Smith et al., 2009a,b). However, the synaptology of the
thalamostriatal system is complex and differs depending on its nuclear origin so that
afferents from the caudal intralaminar nuclei, the center median and parafascicular nuclei
(CM/Pf), terminate mainly on dendritic shafts of striatofugal neurons, whereas inputs from
other sensorimotor and associative/limbic thalamic nuclei target almost exclusively dendritic
spines (Smith et al., 2004, 2009a,b; Raju et al., 2006; Lacey et al., 2007).

The findings of the present study add a further level of complexity to this organization by
demonstrating that some vGluT2-positive terminals in the monkey putamen can form dual
synapses with both dendritic shaft and dendritic spine, a pattern that has not been described
for corticostriatal boutons in both normal and pathological conditions (Kemp and Powell,
1970; Raju et al., 2008). Although neurons in the subthalamic nucleus, hypothalamus, and
brainstem regions, known to express vGIuT2 (Fremeau et al., 2001, 2004), may be the
sources of some of these vGluT2-containing terminals, the massive thalamostriatal system
most likely provides the vast majority of striatal vGluT2-positive boutons (Smith et al.,
2004, 2009b).

Rodent studies also support a heterogeneous origin of cortical terminals so that excitatory
inputs from intratelen-cephalic (IT) cortical neurons terminate in the ipsilateral and
contralateral striatum, whereas another contingent of cortical boutons originates from axon
collaterals of ipsilateral pyramidal tract (PT) neurons that send their main axons to the
brainstem and spinal cord (Lei et al., 2004). However, the translation of this categorization
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of corticostriatal terminals to primates must be further explored, and the lack of specific
anatomical markers for IT and PT terminals limited our capabilities in differentiating these
two types of cortical terminals in the present study.

Despite its more modest extent, the axo-spinous thalamostriatal system displays anatomical
features closely related to those of corticostriatal afferents (Raju et al., 2008; Smith et al.,
2009a,b). In addition to their synaptic interactions with dendritic spines, both inputs display
close association with dopaminergic afferents (Moss and Bolam, 2008). However, recent
data indicate that these two systems differ in their neurochemical and electrophysiological
properties. The thalamostriatal terminals express vGluT2 and display a higher release
probability for glutamate than vGIluT1-containing corticostriatal terminals, suggesting a
differential degree of short-term plasticity between these two glutamatergic systems (Ding et
al., 2008). In addition, thalamostriatal and corticostriatal synapses diverge in their relative
expression of NMDA and AMPA glutamate receptors, with a significantly larger NMDA/
AMPA ratio at corticostriatal than thalamostriatal synapses in mouse brain slices (Ding et
al., 2008; but see Smeal et al., 2008).

Although the correlation between spine morphology and synaptic properties remains poorly
understood in the striatum, it is clear from data gathered in the hippocampus (Harris and
Kater, 1994; Harris, 1999, Sorra and Harris, 2000; Bourne and Harris, 2008), that larger
volumes of spines and postsynaptic densities, as shown for cortical terminals over thalamic
boutons in our study, are suggestive of higher strength of the corticostriatal synapses over
axo-spinous thalamostriatal synapses in the primate putamen. Future studies that directly
assess the number of glutamate receptors at cortical versus thalamic synapses, and determine
changes in the electrophysiological properties of thalamostriatal and corticostriatal pathways
under normal and parkinsonian conditions, are warranted to test this hypothesis. It is also
important to keep in mind that a significant proportion of the thalamostriatal system that
originates from the caudal intralaminar nuclei is preferentially directed at dendritic shafts,
and that the ultra-structural, neurochemical, and plastic properties of this system in normal
and pathological conditions remain to be examined (Smith et al., 2004, 2009a,b). Finally,
another essential issue that remains to be determined is whether the ultrastructural
remodeling of glutamatergic synapses described in this study similarly affects direct versus
indirect striatofugal neurons.

Changes in PSDs, spine apparatus, and terminal mitochondria in parkinsonian monkeys

In line with early rodent and human data suggesting morphological changes of asymmetric
synapses in the parkinsonian striatum (Ingham et al., 1993, 1998; Anglade et al., 1996;
Ingham et al., 1998; Meshul et al., 1999, 2000), our ultrastructural data demonstrate that the
size of the PSD area at axo-spinous cortico- and thalamostriatal synapses is increased in the
nonhuman primate model of PD, thereby suggesting that both thalamic and cortical inputs
undergo plastic changes consistent with increased synaptic strength in parkinsonism (Harris
and Kater, 1994; Harris, 1999, Sorra and Harris, 2000; Bourne and Harris, 2008). However,
although evidence for increased synaptic activity at cortical synapses has been proposed by
some authors in rodent models of parkinsonism (Galarraga et al., 1987; Marti et al., 1999;
Gubellini et al., 2002; Liang et al., 2008), the physiological properties of thalamostriatal
axo-spinous synapses in parkinsonian condition remain to be established.

In addition to a size increase, PSDs at cortical and thalamic synapses are much more
complex and display a larger number of perforations in the putamen of parkinsonian
monkeys. In the hippocampus, the development of segmented or completely partitioned
PSDs has been considered as structural modifications associated with increased synaptic
efficacy and learning (Nieto-Sampedro et al., 1982; Lisman and Harris, 1993). The exact
mechanisms underlying these functional changes are not known, but it has been
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hypothesized that the compartmentalization of multiple transmission zones impedes the
saturation of postsynaptic receptors and allows multiple transmitter quanta to be effective at
the same postsynaptic spine, thereby enhancing the strength of individual synapses (Lisman
and Harris, 1993). Thus, the extensive remodeling of PSDs at glutamatergic axo-spinous
synapses in the striatum of parkinsonian monkeys provides another mechanism whereby
cortical and thalamic glutamatergic afferents may increase their synaptic strength in
parkinsonism.

Another striking change observed in spines that receive vGluT1-containing cortical inputs in
the striatum of MPTP-treated monkeys is the massive growth of the spine apparatus at
corticostriatal synapses. These changes are consistent with increased protein synthesis and
increased buffering of intraspinous calcium at glutamatergic synapses in other brain regions
(Fifkova et al., 1983; Steward and Reeves, 1988; Gardiol et al., 1999; Toni et al., 2001;
Cooney et al., 2002; Horton and Ehlers, 2004; Bourne and Harris, 2008), thereby providing
further evidence for increased corticostriatal glutamatergic transmission in the parkinsonian
condition (Galarraga et al., 1987; Calabresi et al., 1996; Marti et al., 1999; Gubellini et al.,
2002).

Finally, mitochondria in axon terminals are the sources of energy production that is
particularly important for the mobilization of the reserve pool of synaptic vesicles and the
control of synaptic plasticity and strength (Lnenicka et al, 1998; Rintoul et al., 2003;
Verstreken et al., 2005; Tong, 2007). The shortening in the volume and the increased
number of mitochondria in cortical boutons of parkinsonian monkeys suggest a higher
mitochondrial traffic along corticostriatal axons (Verstreken et al., 2005; Safiulina et al.,
2006), probably due to a higher activity and energetic demand at corticostriatal synapses in
the parkinsonian condition.

CONCLUSIONS

Our findings highlight the dynamic nature of striatal spine morphology, and provide insights
into the complex and multifaceted regulation of compensatory structural changes in
corticostriatal and thalamostriatal glutamatergic systems in parkinsonism. Information
regarding the molecular and neurochemical mechanisms that regulate striatal spinogenesis
and functional studies of the corticostriatal and thalamostriatal systems in normal and
parkinsonian conditions are needed to better understand the potential roles that striatal spine
remodeling plays in the pathophysiology of PD.
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Figure 1.

Ultrastructural features of corticostriatal and thalamostriatal axo-spinous synapses in control
and MPTP-treated monkeys. A,B: Electron micrographs of vGluT1- (A) and vGluT2- (B)
immunoreactive terminals (T) and their postsynaptic spines in the postcommissural putamen
of control monkeys. A1,A2,B1: 3D reconstruction of the two immunoreactive terminals (T)
and their postsynaptic target spines shown in A and B. Both vGIuT1- and vGIuT2-
immunoreactive terminals form asymmetric synapses with the head of the spines. In A2 the
3D-reconstructed image has been rotated with respect to Al to show the extent and
morphology of the postsynaptic density. Partially transparent images of the head of the spine
and the terminal allow the visualization of the corresponding perforated (A2) and macular
(B1) postsynaptic densities (PSD). C-F: Histograms comparing the morphometric
measurements (spine volume, PSD area, terminal volume) of structural elements at
corticostriatal and thalamostriatal glutamatergic synapses using the 3D reconstruction
method of serial ultrathin sections collected from 30 axo-spinous synapses in each group
from three control and three MPTP-treated animals. The units used for these measurements
are indicated in the X axis within parentheses. C: In control monkeys (n = 3), the spine
volume (Vol. Sp), the PSD areas, and the size of presynaptic terminals at corticostriatal
synapses are significantly larger than those at thalamostriatal synapses (*, P < 0.001 for Vol.
Sp. and PSD; *, P = 0.016 for terminal; t-test). D: The same is true for MPTP-treated
monkeys (n = 3), except for the presynaptic terminals that do not display any significant size
differences in this condition. E,F: The spine volumes, the PSD areas, and the volume of
vGIuT1- and vGluT2-containing terminals are significantly larger in MPTP-treated
parkinsonian monkeys than in controls (*, P < 0.001; t-test). Scale bar = 1 uym in A,B.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 2.

Scatter diagrams showing the correlation between spine volume (um3) and the surface (um?)
of postsynaptic densities (PSDs) at corticostriatal (vGluT1) and thalamostriatal (vGIuT?2)
excitatory synapses in the postcommissural putamen of normal (n = 3) versus MPTP-treated
(n = 3) monkeys. In all cases, the area of the PSDs was positively correlated with the spine
volume. A,B: Correlation of PSD areas and spine volume in spines that receive vGIuT1-
containing cortical afferents in control (A; coefficient of correlation, R = 0.815) and MPTP-
treated animals (B; R = 0.777). C,D: PSD areas plotted as a function of spine volume in
striatal spines receiving vGluT2-containing thalamic inputs in normal (C) and parkinsonian
monkeys (D). For the correlation between vGluT2-IR terminals and their contacting spines,
the value of R was 0.699 for controls and 0.784 for MPTP-treated animals (P < 0.0001; the
number of spines studied in each group was n = 30 for A-D). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.

3D reconstruction and comparative ultrastructural analysis of the spine apparatus (SA) in the
striatum of normal (n = 3) and MPTP-treated (n = 3) monkeys. A,B: Electron micrographs
of vGluT1-immunoreactive axo-spinous synapses in the striatum of control (A) and MPTP-
treated (B) monkeys. A1,A2,B1,B2: 3D-reconstructed images of the corresponding
glutamatergic axo-spinous synapses depicted in A and B from the striatum of control
(A,A1,A2) and MPTP-treated (B,B1,B2) monkeys. The neck (N) and head (H) of the spines
are partially transparent to better show and compare the complexity and distribution of the
SA between control and MPTP conditions. C: Histogram comparing the relative volume of
the SA over the total spine (Spi) volume in vGluT1- and vGIuT2- receiving spines in control
and MPTP-treated monkeys. Statistical differences were determined by t-test (*, P = 0.032).
Scale bar =1 um in A,B. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 4.

Morphology of 3D reconstructed individual dendritic spines showing different types and
complexity of postsynaptic densities (PSDs). A,B: Macular (A) and fenestrated (B) PSDs
from spines receiving vGIuT2-IR terminals in control (A) and MPTP-treated (B) animals.
C,D: Perforated (D) and fenestrated (E) PSDs in vGluT1-receiving spines in control (C) and
MPTP-treated parkinsonian monkeys (D). E: Quantitative analysis of the two types of PSDs
(perforated vs. macular) in corticostriatal and thalamostriatal axo-spinous synapses in
control (n = 3) and MPTP-treated (n = 3) monkeys. F: Comparative analysis of the relative
percentages of PSDs with different numbers of perforations in spines contacted by vGIuT1-
or vGluT2-IR terminals in control (n = 3) and MPTP-treated (n = 3) parkinsonian monkeys.
The proportion of complex PSDs (more than two perforations) was significantly increased
(Pearson Chi-square analysis, ¥2) in MPTP-treated animals at both corticostriatal (x2 = 4.78;
P =0.03) and thalamostriatal (y2 = 4.34; P = 0.035) axo-spinous synapses. Abbreviation: Sp,
spine. [Color figure can be viewed in online issue, which is available at
wileyonlinelibrary.com.]
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Figure 5.

vGIuT2-IR terminals forming dual synapses with dendritic shafts and spines in control
animals. A,B: Electron micrographs of vGluT2-IR terminals (T,T1,T2) in contact with a
dendritic shaft (D) and a spine (Sp) from the same (A1,A2) or different (B1) dendrites.
Al1,A2,B1: 3D reconstructed asymmetric synapses shown in A and B, respectively. The T in
Al forms a synapse with a dendritic shaft (D) and with a sessile spine (Sp) from the same
dendrite. However, the vGIuT2-IR axon (Ax) depicted in B2 gives rise to two axon
terminals (T1 and T2) that form asymmetric synaptic contacts (PSD4 and PSD,) with a
dendritc shaft (D) and a spine (Sp). The image in A2 has been rotated with respect to Al,
and the T has been removed from the image to better illustrate the perforated PSD; and
PSD;. Scale bar = 1 um in A,B. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6.

A vGIuT2-IR terminal forming multiple “en passant” type axo-spinous asymmetric synapses
in the postcommissural putamen of an MPTP-treated parkinsonian monkey. A1,A5,A9:
Samples of serial electron micrographs used to generate the 3D reconstructed vGIluT2-
positive terminal (T) in contact with three different spines (Spy, Sp», Sp3)in A" and A”. Note
that the 3D-reconstructed spines (A’ and A") are partially transparent and the image in A” is
rotated to better illustrate the extent of the postsynaptic densities. Abbreviations: D,
dendrite; Sp, spine; PSD, postsynaptic density. Scale bar =1 um in Al (also applies to
Ab5,A9). See supplementary video. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7.

Number and volume of mitochondria in vGIluT1- and vGluT2-immunoreactive terminals in
the postcommissural putamen of normal and MPTP-treated parkinsonian monkeys. A,B: 3D
reconstructed vGluT1-IR terminals (T) in control (A) and MPTP-treated animals (B). These
terminals are partially transparent to compare the morphology, number, and distribution of
mitochondria (Mit) between control (A) and MPTP-treated monkeys (B). C,D: Bar
histograms comparing the total number of vGluT1- (C) and vGIuT2-IR (D) terminals
containing one, two, or three mitochondria in control and MPTP-treated animals. E,F: Box
diagrams showing the size distribution of mitochondria in vGluT1- (E) and vGIuT2-IR (F)
terminals. In vGIluT1-IR terminals the size of the mitochondria was significantly smaller in
MPTP-treated animals than in control (*, P = 0.024; Mann-Whitney test; E). No significant
differences were found between control and MPTP-treated animals in vGIuT2-IR terminals
(P = 0.326; Mann-Whitney test; F) or between thalamostriatal and corticostriatal terminals
in control animals (P = 0.827; Mann-Whitney test; E,F). The black line indicates the value
of the median, and the red line represents the mean values for each group. The analysis was
done in 12 terminals per group from six different animals (3 controls, 3 MPTP-treated).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Antigen Immunogen Immunizing species Vendor Immunooytochemistry concentration
Vesicular COOH terminus rat Rabbit MabTechnologies (Atlanta, 0.2 ug/mi

glutamate 1 vGluT1-aa 543-560 GA) Catalog No. VGT1-3

transporter

(VGIuT1)

Vesicular COOH terminus human Rabbit MabTechnologies (Atlanta, 0.2 pg/ml

glutamate 2 vGluT2-aa 560-578 GA) Catalog No. VGT2-6

transporter

(VGIuT2)
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TABLE 2

Animal Code and Total Number of Control and MPTP-Treated Monkeys Used for Striatal vGIluT1 or vGIuT2
Immunostaining

Cortico-striatal (vGluT1) Control MPTP animals

C1 M1
C2 M2
C3 M3
Animals used 3 3 6

Thalamo-striatal (vGIluT2) Control MPTP

c2 M3

C4 M4

C5 M5
Animals used 3 3 6
Total animals sacrified 5 5
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